INTRODUCTION
Over the last four decades, the economic growth performance of most countries in (Sub-Saharan) Africa has been poor and substantially lower than that of most tropical developing countries on other continents (1) . It has been suggested that some inhibiting 'African factor' might be operative and the issue was hotly debated in economic literature in the recent past (2) (3) (4) (5) . Two opposing views characterize the debate. i) It is suggested that the factors, which affect economic growth, operate in Africa as they do anywhere else, but that many Sub-Saharan African countries have poor economic policies in common; ii) and it is argued that geographical and ecological factors, such as unfavorable resource endowments for agriculture and the prevalence of diseases, retard economic growth. In short, the issue is whether the poor economic growth performance of African countries is due to policy or to destiny.
It appears that progress in agriculture closely follows overall economic development (6, 7) . Outside Africa, the Green Revolution technology has been widely adopted and resulted in important production increases on the basis of high yielding crop varieties and reliable water supply, in combination with macronutrient fertilizer applications-nitrogen, phosphorus and potassium (N, P, and K)-to which these varieties respond favorably. In South and East Asia, such technologies have been responsible for about 90% of the increase in production over the past four decades, while only 10% is attributable to area expansion (8) . However, the Green Revolution left the African continent largely untouched.
The nonadoption of Green Revolution technology in Africa has, in the past, been attributed to a large number of factors, mostly of a socioeconomic nature. Clearly, many African farmers are faced with tight cash constraints and limited access to credit. Moreover, the price ratios between food crops and fertilizers tend to be unfavorable and the timely availability of fertilizer is rarely assured. More generally, local markets for inputs as well as outputs suffer from many imperfections. Furthermore, low population densities and large distances create less favorable conditions both for marketing and for the purchase of appropriate inputs, and consumer goods are often lacking in rural areas, reducing the incentive to produce beyond local needs. It is also frequently mentioned that the institutional frameworks for agri-
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Compared to other continents, the economic growth performance of Sub-Saharan Africa has been poor over the last four decades. Likewise, progress in agricultural development has been limited and the Green Revolution left Africa almost untouched. The question raised in the literature is whether the poor performance is a question of poor policies or of an unfavorable biophysical environment (policy versus destiny). This paper, with a broad perspective, analyzes adaptation of current land use to environmental conditions in Africa and compares the physical resource base of Africa with Asia. In doing so, we search for unifying principles that can have operational consequences for agricultural development. We argue that some specificities of the natural resource base, namely local homogeneity and spatial diversity of the predominant Basement Complex soils, imply that simple fertilizer strategies may not produce the yield increases obtained elsewhere.
Roelf L. Voortman, Ben G.J.S. Sonneveld and Michiel A. Keyzer cultural research and extension are weakly developed (9) (10) (11) and that farmers consequently lack access to technologies that are available.
These economic and institutional factors undoubtedly play an important role in explaining the poor growth performance of agriculture in Africa and yet they seem to tell only part of the story. At some specific locations where the application of macronutrients could raise the yields significantly, farmers have shown an impressive ability to adopt new technology, organizing themselves to secure the appropriate type of inputs at the right time (12) . Similarly, at broader, national scale, the sevenfold increase of urea fertilizer use on wheat in Ethiopia between 1994 and 1998, leading to a 40% increase in output, confirms that under an enabling environment, poor farmers with little education can be fast adopters of technologies, provided these suit their needs and conditions (13) . These successes raise some doubts as to the appropriateness of the commonly recommended technology packages in situations where farmers seem more reluctant. Indeed, the evidence is mounting that in Africa the mere application of macronutrient fertilizer does not necessarily lead to yield increases comparable to those in Asia (14, 15).
The reluctance of African farmers to adopt new practices may not be the cause of the current problems, but only an expression of the inappropriateness of the technology that is being offered, because the natural conditions in Africa are truly different from those in the countries where the Green Revolution was successful. In this case, it will be necessary to develop new technological alternatives. This paper reviews the evidence on this issue. It chooses a broad perspective that tries to convey to nonspecialists that in Africa agricultural growth cannot be achieved on a sustainable basis unless climatic and soil conditions are accounted for. The methods used are simple. We analyze and compare spatial patterns on issues such as population density, agro-climatology, geology, soils, and vegetation, and seek to construct from these a coherent picture of functional interactions that could explain the spatial distribution of the population. We then seek to derive the operational consequences of this pattern for agricultural development, in particular for the nonadoption of Green Revolution technologies.
The point of departure is the spatial distribution of population in Africa. As farmers live on the land they cultivate, this distribution offers a first indication of the site selection criteria they effectively apply. In combination with the observed landuse intensity, it permits characterization of the agro-ecological conditions (climate, soils) they apparently prefer for the current very low input agriculture. We also draw a broad comparison between the African and the Asian continent, noting in particular that in Africa a large fraction of cultivated soils developed on Precambrian Basement Complex rock formations. This has important implications for soil chemistry and the type, level, and spatial diversity of the nutrient deficiencies in these soils. We argue that development policies, particularly those relating to research and extension on nutrient management, will have to account for this aspect, if crop yields are to be raised substantially in Africa.
DISTRIBUTION AND DENSITY OF THE AFRICAN POPULATION
The population map ( Fig. 1 ) serves as our point of departure. Population distribution and density are very uneven, with the dry zones of the Sahara and Kalahari almost unoccupied, and the dryer areas of Somalia, Kenya, southern Mozambique and South Africa only sparsely populated. High population densities are found in Nigeria and under highland conditions in Ethiopia, East Africa, Angola, and South Africa. Elsewhere, there are low population densities with localized concentrations. Thus, at this broad scale, population density seems related to environmental factors.
To illustrate this at a finer scale, we zoom in on the Central Lake region with Lake Victoria and the string of Rift Valley lakes with an extension into the rainforest zone towards the west (Fig. 2) . At this level of resolution, we clearly see very high population densities in parts of Uganda, Rwanda, and Burundi, while in the Congo basin settlement patterns are more dispersed and population densities are generally low. We view high population densities at these locations as owing to favorable climatic conditions and agricultural soils (volcanic and volcanic admixtures) allowing for semipermanent and permanent cropping systems with relatively high crop yields and short fallow period requirements. By contrast, the low population densities in the Congo basin refer to shifting cultivation systems under humid lowland conditions, where poor and leached soils prevail, where production potentials are marginal, and where long fallow periods are required to restore productivity.
Thus, in line with common notions from landscape ecology (16), settlement patterns and population densities seem to follow climate and soil suitability. Although this viewpoint still needs further empirical testing, we use it as the frame of reference for our discussion, because it appears to conform remarkably well to the evidence on land-use patterns in relation to climate and soil conditions.
AGRO-CLIMATIC CONDITIONS AND LAND USE
The major agro-climatic constraints on agricultural production are related to insufficient, excessive, or irregular moisture supply. Temperature obviously also affects agricultural production, but, in populated parts of Africa, it does not impose constraints. Temperature does, however, affect the choice of crops and varieties: most of Africa is well suited for a broad range of tropical crops, but in highland areas temperate crops or varieties are better adapted.
When temperature requirements are met, the length of the period during which moisture supply is adequate (the length of the growing period, (LGP) determines whether crops/varieties can complete their growth cycle. Only then can an economically useful yield be produced. Following FAO's Agro-Ecological Zones approach (17, 18) , we distinguish 3 key variables to characterize the agro-climatic conditions: i) average LGP; ii) LGP-variability between years; and iii) LGP-pattern. We concentrate on rainfed production because of its large potentials for improvement, at relatively low costs, and because irrigation potentials are very limited in Africa.
The Average Length of the Growing Period: Variability and Pattern
The average LGP is calculated with a water balance model, using inflows from rainfall and outflows through evapotranspiration, while accounting for soil moisture storage capacity. The only LGP evaluation available at the continental scale is derived from mean monthly climatic data (Fig. 3) . Using LGP, the potential crop yields for each crop and variety can be calculated at every location (17) .
However, farmers tend to be concerned with climatic risks, rather than with average climatic conditions. These risks find expression in the variability of the LGP length and the LGP pattern, which are calculated on the basis of time-series data. Such studies have been conducted at the country level in Mozambique (18) , Kenya (19) , and Nigeria (20) and show that the LGP variability tends to be larger when the average LGP is short. For instance in Mozambique, the coefficient of variation for a mean LGP of 75-90 days was 55%, while for 180-210 days it was only 15% (18) . To characterize risks in farming, the LGP pattern may be even more telling. The LGP pattern quantifies the number of separate growing periods during the year, or, conversely, the frequency of occurrence of severe dry spells that cause crops to die off. The 3 country studies mentioned show that LGP-patterns are fairly constant spatially, since they are related to overall weather patterns such as bimodal rainfall tendencies or the prevalent direction of moisture bearing winds on specific relief's, e.g. windward slopes. Generally, the incidence of breaks in the rainy period is lowest on windward slopes at higher altitudes. The effect of LGP breaks on agriculture depends on their timing and on the length of the 2 or 3 individual LGP's that result. If they come sufficiently late, no harm may be done and the last LGP may refer to out of season rainfall, if they come early they induce a 'false start', and most undesirable is a midseason break. The situation is entirely different if 2 seasons are the rule rather than the exception. In this case, farmers will select short duration crops that suit the length of the individual seasons.
Land-use Adaptation to Climate by Agro-ecological Zones
Zones with an LGP of less than 75 days (Fig. 3) are not suitable for arable farming, unless water sources other than rainfall are available (seepage, alluvial valleys, irrigation). The season is too short and its duration is extremely variable. Hence, these lands are mainly used for extensive grazing. This zone occurs at the southern fringes of the Sahara, in large parts of Somalia and Kenya and around the Kalahari Desert in southern Africa.
When the LGP is between 75 and 150 days, short duration annual crops such as cereals and legumes can be grown, but the varieties need to be carefully selected so as to match the climatic conditions. In the lower range of this zone, millet is the dominant cereal and, as the season becomes longer, sorghum and maize are grown. Crops and varieties with a longer growth cycle have better yield potentials, but they need a longer period with adequate moisture availability. The variability of the LGP is often high in this zone, confronting the farmer with a complex fine-tuning problem to combine adequate yield levels with reliability of supply. In practice, farmers in this zone tend to diversify by planting species and varieties with cycles of different lengths.
LGP breaks have dramatic consequences in this zone, because the individual LGP-segments tend to become too short. In southern Africa, LGP-patterns are particularly irregular, with frequently 3 or even 4 very short LGP's within a single year (18) . Consequently, population density is low and crop cultivation restricted. Land use is mostly limited to livestock production systems. In the East African section of this zone, the LGP-patterns are more regular because of more stable bimodal rainfall patterns. Yet the individual components of the LGP-pattern are short and land use is therefore similar to that in southern Africa.
An important part of the 75-150 days zone is located in the West African Sahel. Here, the population density and the spread of arable farming are relatively high, despite the short LGP and its variability. This is attributable to the relatively stable LGPpattern if compared with the rest of this zone: LGP breaks are fewer and, once the season has started, fairly good moisture conditions prevail during a substantial part of the growing period in most years. This stability in West Africa also applies to zones with longer LGPs and may be one of the reasons for the relatively high population densities in this part of Africa. However, since 1970, the LGPs have shortened and moisture supply during the LGP has become less favorable (21), repeatedly causing famines over the last three decades.
When the LGP is above 150 days, the variability of its length becomes less and longer-duration sorghums and maize may be reliably grown, unless LGP breaks occur with some frequency. Indeed, from an agro-climatic perspective the zone of 150 to 210 days has the potential of becoming the granary of the African continent. Here, high technology agriculture would allow for a three-to fourfold increase in cereal yields. Soils in this zone are also often more fertile compared to more humid conditions.
In this zone, the effects of LGP breaks depend very much on their predictability. As in the previous zone, the highest population densities are found where the climate is stable with one uninterrupted growing period every year, e.g. Southern Niassa province, Mozambique. Second are areas with infrequent false starts in the higher part of this LGP-range, e.g. Nampula Province, Mozambique. Where the LGP is rather short and where false starts, or mid-season breaks, frequently occur, population densities tend to be lower, e.g. Central Lowland, Mozambique.
The common cereal grains and legumes can still be found in the lower range of the 210-300 days zone, but as the LGP becomes longer, pests, diseases, and weed competition, and other climate-related constraints become a serious problem. Generally, humid conditions at and beyond harvesting make the handling and storage of produce more difficult, and mechanization is hampered if the soil is wet. Millet and sorghum are more affected by humidity than maize and therefore disappear earlier as the LGP becomes longer. They are replaced by root crops such as yam and cassava. In the wetter part of this zone, perennial crops start to appear. LGP breaks, when occurring early or late have little effect on crop production, because the main season will then still be sufficiently long for annual crops. Only when they occur close to the lower part of this LGP range (210 days) and when the break is exactly at mid-season, can food security become a problem. Since food security is ensured in most of this zone, LGP breaks appear to have little effect on site selection by farmers.
In the humid zone (more than 300 days LGP), cereals other than green maize are near absent, and root crops form the most important staple. Shorter duration yams (White Yam) can be replaced by species of longer duration (Yellow Yam). Farmers mainly grow subsistence crops only, because climatic conditions restrict their possibilities for commercial production of annual crops due to the difficulties in handling and transporting the produce. The humid climate is usually associated with poor soils, as rainfall causes leaching of plant nutrients and the resulting high aluminum saturation of the soil negatively affects many crops. Moreover, these soils have a poor capacity to retain added nutrients and, therefore, a low potential for high input agriculture. This zone is obviously suitable for perennial crops with banana/plantain and cocoa at better locations and oil palm, rubber and tea on more acid soils.
Zones at higher altitudes are often well suited for cultivation of temperate crops like wheat, barley, potatoes and Phaseolus beans. Temperate varieties of maize and sorghum are also well adapted. However, the crop cycle is temperature dependent. Therefore, farming systems need to be fine-tuned on the basis of the prevailing LGP, the temperature during the growing period and crop and variety requirements. If water supply is adequate, higher altitude areas are also suitable for perennial crops.
In short, site selection by African farmers is, as far as climate is concerned, mainly constrained by the risks associated with the LGP-pattern and LGP variability, while the length of the season and the temperature determine which crops and varieties can be selected for cultivation. High population densities are possible in the sub-humid zone (LGP 150-300 days) and on highlands with reliable rainfall patterns, where moisture supply is not a constraint for obtaining the high yields of Green Revolution technology.
SOILS AND LAND USE
We have seen that the LGP and temperature characteristics impose rigid but relatively high upper bounds on the agricultural potential of the cultivated parts of Africa. However, plants need more than water, heat, sunshine, and atmospheric CO 2 . They also require nutrients supplied either by the soil or by the farmer, and since fertilizer application is almost negligible in most parts of Africa, the natural endowment is bound to play a decisive role. Therefore, we now consider site selection in relation to soil conditions. In doing so, we view soil properties in their environmental setting as resulting from soil formation processes governed by climate, topography, parent material, vegetation and time (22) . Of the various soil properties, our discussion emphasizes soil chemistry, because when water supply is adequate, it is primarily soil fertility that determines agricultural production. Our main question is, as before, whether the Green Revolution technology is suitable for African land resource conditions. To put the question into perspective, we make a broad comparison of soils and soil formation factors in Asia and Africa and comment on the main differences. This part of the discussion is based on geological maps (23) , maps of population densities (24, 25) , and the soil map of the world (26) .
Comparing Africa and (Sub-)tropical Asia
In continental (sub-)tropical Asia the large massif of the Tibetan plateau and the Himalayas stands out and its presence has effects on natural resources well beyond its own extent. These
. This Asian massif is the source area of a great number of large rivers, that have deposited their sediments of upstream soil materials in large alluvial areas of equally young, Quaternary, age (mainly Holocene). Thus, the alluvial sediments consist of relatively rich materials that continue to weather and supply the soil with mineral plant nutrients.
Besides their high content of plant nutrients and weatherable minerals, the alluvial sediments contain a rich diversity of materials at every location. They consist of a number of strata that refer to different periods of deposition and hence, of origin and mineral content. Even within a single stratum, materials derive from different parts in the upstream catchment. Hence, these soils have developed from a mix of young parent materials with a rich mineral reserve, that, upon weathering, can supply a broad array of essential plant nutrients, including micronutrients.
The situation in Africa is very different. The geological map shows that, unlike all other continents, Africa has hardly been affected by recent geological uplift and folding and, if compared with other continents, the predominance of the very old Precambrian Basement Complex is striking (Fig. 4) . There has been a gradual uplift and tilting of the landmass (27) , but this did not create the large energetic differences that characterize the river profiles in Asia. The most important, geologically young event was the Rift valley faulting, resulting in mere vertical displacements (uplift and tilting) of a relatively localized nature. It is therefore not surprising that Africa has only few alluvial areas of young (Holocene) age (Fig. 4) . The alluvial areas that do occur in Africa are mostly older than their Asian counterparts (23) . Moreover, the source materials derive generally from older and chemically poorer soils in which less weatherable minerals are left. These older alluvial soils often suffer from flooding hazard, poor drainage, salinity/sodicity, workability problems (heavy textures), chemical imbalances or a combination of these. Traditional smallholders tend to stay clear of such problem soils. For example, the upstream valleys of the Niger and Benue rivers within Nigeria are almost devoid of peasant cultivation (28) , and, similarly, the large delta of the Zambezi River is only very locally in use (29) . The only major exception is the Nile valley where sediments are young and derive from the younger volcanic soils of the Ethiopian highlands. In the remainder of Sub-Saharan Africa, good young alluvial soils only occur locally in dispersed patterns. But where they appear, for example in parts of the valley of the Limpopo river, they are usually densely cultivated, as in Asia.
Compared to continental Asia, parent rocks on the Southeast Asian islands of Indonesia and the Philippines are mostly even younger and of Mesozoic, Tertiary and Quaternary age. They include Neozoic volcanic rocks that weather to good agricultural soils, e.g. Andosols, Nitosols, and support very high population densities. On the mainland, volcanic materials of similar age occur to a lesser extent in Southern Vietnam and Cambodia. Larger tracts are found in southern China. In India, the extensive basaltic Deccan Plateau is of volcanic origin. As in the alluvial areas, the volcanic parent materials are of relatively young age, soils have a large mineral reserve and the parent material often consists of layers of different materials (tuff, volcanic ash, lava) that differ in both origin and chemical composition, and are likely to provide a broad specter of plant (micro-) nutrients. Most of such areas occur under lowland humid conditions, which allow multiple rice cropping.
In Africa, volcanic parent materials are mostly older (Mesozoic) than in Asia, but similar favorable soil types have developed. However, except for Ethiopia, their extent is small and the pattern of occurrence is again dispersed (Fig. 4) . The combination of volcanic soils with a lowland humid climate, which in Asia permits sequential cropping of rice, cannot be found in Africa. Large parts of Tanzania, Kenya, Ethiopia, and Eritrea combine volcanic parent material with low and erratic rainfall, resulting in low population densities. Yet, when climatic conditions allow agriculture on volcanic soils, the land is densely occupied, as in Asia, witness the Ethiopian highlands, the Kenyan highlands, Kilimanjaro, Northern Mara and Mbeya in Tanzania, the area of Eastern Congo, Rwanda and Burundi, Madagascar and south-west Cameroon. However, the low temperatures in these highlands are unsuitable for rice cultivation. As regards wheat and maize it may be noted that in the African highlands the LGP is generally substantially longer than on the Mexican highlands where the Green Revolution varieties of these crops were developed initially. Therefore, not surprisingly, pests, diseases and weed competition have proven to be serious problems in these areas of Africa (13) . However, technologies (appropriate varieties and fertilizers) have recently been developed in Ethiopia itself. The production increases obtained have a value in excess of 300% of the cost of the fertilizer used, which, as mentioned above, made it possible for wheat production to rise (13) . Such a performance clearly demonstrates that the basic principles of the Green Revolution could be applicable in Africa, when the technologies can be tailored to the prevailing environmental conditions.
The important property that both the alluvial and the volcanic soils have in common is that they developed on relatively young and less weathered geological formations consisting of mixed parent materials that have a large mineral reserve, and where weathering produces a steady, albeit slow, supply of fresh plant nutrients. These are the natural environments where, climate permitting, the highest population densities of the world can be found, obviously long before the Green Revolution took place. And these were also the areas where the Green Revolution has been most successful. The technology used was based on high yielding varieties that are responsive to macro-nutrient (NPK) fertilizer, and this rather simple fertilizer strategy could be successful only because of the adequate mineral reserve of other essential plant nutrients available in this type of soil. In short, the type of area, where in Asia large production increases have been achieved, is scarce in Africa and the pattern of occurrence is dispersed. So even if technologies would be readily transferable, which they are not as we have seen above, they would be applicable to relatively small areas only. Furthermore, the small extent may be a cause of low research attention, while at the same time the spatial dispersion hampers the natural diffusion of technological innovations.
Another distinguishing feature of Africa, compared to Asia, is the large extent of areas with sandy parent materials and the high population concentrations on some of these (Fig. 4) . In the southern section, known as the Kalahari sands, population den- sities are generally low due to low soil fertility in combination with poor rainfall. These sands extend into the humid zone, but their soils are even poorer. However, at the southern fringes of the Sahara in the Sudano-Sahelian zone, locally important population concentrations are found for example around Kano in Nigeria. It may be noted in this connection that, under a semiarid climate, sandy soils are less droughty than the heavier ones, because during dry spells moisture is conserved in the subsoil while on heavier soils evaporation draws subsoil moisture to the surface (30) . These coversands may also overlay more impervious materials, such as Basement Complex, which also results in a moisture conserving effect. Moreover, low fertility is less restrictive in sandy soils, since the nutrients are more readily available for plants (31) . In combination with the relatively reliable, albeit short, rainy season mentioned earlier, locally large concentrations of population can be sustained. Within this zone, the main factor affecting site selection negatively is the tendency towards soil surface sealing, which impedes rainfall infiltration. Older coversands often possess this property and farmers strongly prefer the better-sorted younger sands (32) . However, the main distinguishing feature of Africa as compared to other continents is that most of its agricultural land consists of soils derived from Basement Complex rock.
LAND ECOLOGY OF AFRICAN BASEMENT COMPLEX
The Basement Complex consists mainly of metamorphic rocks dating back to the Pre-Cambrian period. On soils with this parent material, population densities are relatively low, though somewhat higher in West Africa and at localized spots elsewhere, e.g. the Lilongwe Plain in Malawi (Fig. 1) . Soils with Basement Complex as parent material can also be found in Asia but on much smaller surfaces. In Asia, population densities on these soils differ as well, but, quite contrary to Africa, low population densities are the exception, for example in isolated pockets in Indochina, and high densities the rule, for example in parts of southern China, and south and east India. In case of India, this is all the more noteworthy as, before continental drift took place, it was contiguous with the African continent.
The Basement Complex in Africa is commonly associated with vast and homogeneous expanses of old, deeply weathered, poor and leached red soils. However, leached soils cover only 14.7% of the African continent, which compares favorably with South America and tropical Asia where they cover 37.2 and 18.3%, respectively (33) . Low soil fertility due to leaching is the result of high rainfall and/or old age. The low percentage of leached soils in Africa in part derives from the limited extent of humid climatic conditions. Moreover, old age of parent material does not necessarily imply that soils are old as well. The African landmass is subject to uplift and tilting (27) , causing headward incision of streams, resulting in rejuvenation of relief and soils in large areas. Under such conditions, the depth to bedrock is often limited, the soils are not leached and they still contain weatherable minerals.
In the zone with an LGP above 300 days, where climate is the dominant soil formation factor, leached Ferralsols prevail and they are predominantly covered with tropical rainforest. These are the true humid lowland conditions, where leaching is the cause of soils being very poor and acid, often with aluminum toxicity as a further constraint for agriculture. We discard this zone, because its environmental conditions are not suitable for low cost intensification of agriculture.
In the zone with 210-300 days LGP, leached Ferralsols are still dominant, but, in West Africa, base-saturated Ferric Luvisols also occur throughout the zone, and are even dominant in Benin and Nigeria. The generally higher population densities here are likely to derive from relatively better soils in combination with the earlier mentioned stable climate. In the remainder of Africa, these better soils are scarce in this zone. The wetter parts of this zone still support (remnants of) rainforest, but towards the dryer parts are covered with more open savannah woodland. Under drier conditions (LGP 150-210 days), Ferric Luvisols are the typical soils on Basement Complex and the vegetation consists of woodlands and savannahs. We thus observe a broad but clear relationship between climate, vegetation and dominant soil types: very poor soils under humid conditions and increasing soil fertility with decreasing rainfall. However, such broad patterns are not reflected in population densities and apparently site selection takes place at much finer scales.
For instance, in the 210-300 days LGP zone of Central, East and southern Africa, Ferralsols are dominant, rainforest remnants and Miombo woodlands are the most common vegetation type, and population density is generally low. However, important, dispersed, population concentrations can be found, for example in Angola, Shaba, eastern Congo, and parts of the area surrounding Lake Victoria in Uganda and Kenya. These areas have 3 characteristics in common. i) Rather than Miombo or rainforest, Acacia and Combretum savannah appear as natural vegetation (34) (35) (36) . ii) They are located at some altitude, where the climate is usually more reliable and the incidence of human and animal diseases is less. iii) soil parent materials are rather specific. For instance, the soils of parts of Shaba and eastern Congo (Rhodic Ferralsols) are linked to nonacid parent rock materials and unusually fertile for the prevailing climatic conditions (37) . In East Africa, the concentrations are found on soils underlain by Basement Complex rock that are enriched with volcanic ash (38) .
Under drier conditions (LGP 150-210 days), Ferric Luvisols are the typical soils but also in this zone population concentrations show a dispersed pattern. The stable climates of highlands are again preferred but very high population densities are found only in areas with better soils such as Chromic Luvisols, Nitosols, and Phaeozems. Examples are various locations in Zambia, the Lilongwe plain in Malawi and in the Angonia district of Mozambique. These cultivated lands again support open wooded grasslands with scattered trees of Acacia spp., Combretaceae, and related species groups (39, 40) . Under dryer conditions, in South Africa, we also find high population densities on Chromic Luvisols, where the natural vegetation is again remarkably similar in species composition (41) .
In short, it appears that the scales of site selection for agriculture are much smaller than those of climatic variation and the broad zonal variation of soils, suggesting that the other main factor of soil formation, namely soil parent material, might explain the differences. While the information on rock lithology available at continental scale is too limited to verify this claim systematically, a detailed study of the Angonia district in Mozambique clearly points in this direction (40) . In this district, the uplift due to Rift Valley faulting, in combination with headward stream incision of tributaries to the Zambezi River, exposes the banded patterns of different, near-vertically-tilted types of metamorphic rocks. Miombo woodlands and Acacia savannah occur side by side, but virtually all cultivation is on the savannah, where population densities reach 150 persons km -1 . Transitions between these vegetation communities are abrupt and directly related to the parent rock material. The favorable soils (Phaeozems, Orthic and Chromic Luvisols) are derived from charnokitic rock, which, although metamorphic, has chemical properties close to volcanic rocks (42) . It is precisely this type of rock that occurs extensively in India (43) , where Basement Complex more generally supports good agricultural soils (Orthic and Chromic Luvisols, Vertisols) and high population densities. Also in India, we find Acacia species, Combretaceae and related species groups as remnants of natural vegetation (44) .
The parent material connection to soil variability in the sub-humid zone and the abrupt nature of boundaries between different land types due to changes of parent material calls for a discussion of the nature of Basement Complex rock formation, since it has important consequences for the development of external input technologies. The mineralogical composition of metamorphic rocks follows, at any given location, from the nature and composition of the original source materials and the process, circumstances and degree of metamorphosis. Depending on its formation history, Basement Complex rock may be rather homogeneous over large areas, but it may also show banded patterns with different rock types at short distances with abrupt boundaries. In short, although the scales vary, in essence Basement Complex implies spatial heterogeneity of in situ formed soils due to differences in the mineral assemblage of parent material. Clearly, volcanic and alluvial soils often show an even greater spatial variability, but the distinguishing feature of Basement Complex rock is, unlike volcanic and alluvial parent materials, not of a sedimentary nature and therefore not of mixed origin at any given location. The essential plant nutrients P, K, Ca, Mg, S and micronutrients become available upon in situ weathering of a single parent rock type. Basement complex areas, in terms of soils, therefore, combine spatial heterogeneity with 'local homogeneity'. An unbalanced nutrient supply can thus derive directly from the parent material and micronutrient deficiencies are more likely to occur. Spatial heterogeneity and local homogeneity have, therefore, important consequences for fertilizer strategies to increase crop yields.
PLANT NUTRIENT MANAGEMENT STRATEGIES
Fertilizer recommendations are usually formulated for very broad regions, if not entire countries (11, 45) . But, as shown in the previous section, due to differences in parent material, soils may show a large variation over short distances. Such blanket fertilizer recommendations are therefore unlikely to be effective everywhere on Basement Complex. Moreover, these recommendations often refer to macronutrients only (N, P and K). Indeed, the application of macronutrient fertilizer, as used in the Green Revolution technology, is often presented as a quick, sure and efficient way to raise crop yields. However, an important body of factual evidence indicates that the mere application of N, P and K may not lead to yield improvement on Basement Complex. In Nigeria, results from a survey referring to 11 crops, covering a large part of the country, show, that macronutrient applications resulted in lower yields in 44% of the cases (14). An extensive survey of fertilizer trial results in Mozambique found no responses to potassium (46) . Response was positive for nitrogen in almost all cases (except for cotton), and for phosphate in only about 50%. In a Kenyan study, deficiencies of N and K were reported in only 57 and 26%, respectively (47) .
Other studies have found that macronutrient application on Basement Complex only becomes effective if other soil deficiencies or imbalances are addressed at the same time. In Zimbabwe, it appeared that mere application of NPK fertilizer was not profitable, because crop yields remained at low levels (48) . However, the application of NPK in combination with minor amounts of boron and zinc resulted in yield increases for maize of 167%. Cotton treated with NPK, dolomitic lime (containing Ca and Mg) and boron led to yield increases exceeding 400%. Similar improvements through micronutrient application were obtained elsewhere in Africa, for instance in Nigeria, where the application of very minor amounts of copper caused yield increases of 50% (49) . These findings clearly show how important micronutrient deficiencies can be on Basement Complex.
Clearly, application of NPK in wrong proportions is always wasteful and the more so if some micronutrient is the actual limiting factor. But more serious than wastage is the possible detrimental effect of macronutrients on the availability of essential micronutrients. For example, increasing already high levels of K may cause boron deficiency and applying P to zinc-deficient soils enhances the deficiency (50) . The application of macronutrient fertilizer needs to take into account such possible antagonisms with micronutrients. But also the simple inclusion of all micronutrients, within a bag of macronutrients will not do.
Currently, fertilizer recommendations are often still formulated on the basis of the amount of macronutrients that is removed from the land by the harvested crop. However, we conclude that they should become region-and ecosystem-specific and initially aim at correcting chemical imbalances and micronutrient deficiencies. Nonreplacement of a nutrient in excess supply could even be beneficial for future yields. Although these principles are obviously important under all conditions where fertilizers are applied, this is particularly the case on Basement Complex soils, since their soil chemistry reflects the homogenous (nonmixed) parent material, which implies that imbalances, deficiencies and toxicities are more likely to occur. Consequently, the information requirements of fertilizer strategies are very demanding. Nonetheless, the evidence reviewed in this paper suggests that across climatic zones and even across continents, common principles are at work in the relationship parent material, soils, and seminatural vegetation. Further studies on such relationships could offer powerful insights that can serve the ecological characterization of local conditions, and the establishment of a stratification of land types that is applicable to larger areas. Such a stratification could be used to determine the site-specific fertilizer needs of soils and can facilitate the dissemination of fertilizer technologies.
SUMMARY AND CONCLUSIONS
This paper has built on the premise that in Africa current population densities and land-use patterns are closely related to climate and soil conditions. It appears that higher population densities coincide with low variability of the LGP length and with low probabilities for dry spells to occur at the wrong moment in the season. When these conditions are favorable, it is the LGP length and the temperatures that determine which crops are grown.
We conclude that in Africa, as in Asia, high population densities occur on good soils derived from relatively young geological formations of alluvial and volcanic origin that consist of mixed materials with a substantial weatherable mineral reserve. However, the extent of such areas is much lower in Africa. Another major difference between Africa and Asia is that most of the agricultural land in Africa consists of soils derived from Basement Complex rock. Such soils have the distinguishing property of combining spatial diversity with local homogeneity, because they are not of a mixed origin. Nutrient imbalances and micronutrient deficiencies are therefore more likely to occur.
The soils currently in use on Basement Complex are selected for cultivation because of their natural fertility, and hence of their suitability for low input agriculture. Such soils also retain added nutrients well. It is, therefore, realistic to assume that yields can increase significantly if farmers apply the appropriate mix and dosage of fertilizer. Though the requirements strongly depend on local conditions, a three-to fourfold increase lies within the realm of physical possibilities, but would entail a full transition to high-level technology.
The destiny of Africa is that, quite contrary to common assumptions, its spatial soil variability is high and that soil parent material characteristics imply that simple macronutrient fertilizer technologies often prove ineffective. The design of yield-improving fertilizer technologies consequently has high information requirements as the spatial variability has to be mapped in units that are homogeneous in terms of fertilizer requirements. How-ever, as a systematic mapping exercise at the continental scale seems impossible, priority should be given to establish an ecological land typology that is easily recognized in the field by farmers, researchers and extension workers, and which is linked to a fertilizer technology. Further investigations on the unifying principles of the observed parent material-soil-vegetation relationships that find expression across the continent could thus be an initial step in the formulation of spatially explicit fertilizer strategies, which evidently present a key challenge to agricultural production in Africa.
It would have been easier to argue that Africa can improve its agricultural performance by a good mix of sound macroeconomic policies and farmer participation in resource management at local level. Useful as such general recipes may be, they should not bypass the realities of African land ecology, which imply that sites differ, that farmers do not avail the information required for rapid growth, and that copying Asian successes is not a viable proposition. Under low input conditions, agricultural performance largely depends on nutrient deficiencies at every location, which are often unknown and cannot be identified on the basis of prevailing yield and input levels. Promotion of foreign investment is not the answer either. While foreign investors might be interested in determining the specific micronutrient needs of the soils cultivated by their contractors, they have little incentive to engage in detailed studies at other sites, especially because these micronutrients are generally inexpensive and the quantities involved are, by definition, modest. Indeed, it seems that the issue has to be addressed through public initiatives, whereby local agricultural research institutes design and evaluate on-farm experiments, preferably with the necessary backup from international organizations and the corporate sector, in the spirit of the current Soil Fertility Initiative (6, 51) .
